Cellulose based hybrid composites are gaining popularity in the growing green communities. With extensive studies and increasing applications for future advancement, the need for an accurate and reliable guidance in machining this type of composites has increased enormously. Smooth and defect free machined surface are always the ultimate objectives. The present work deals with the study of machining parameters (i.e. spindle speed, feed rate and depth of cut) and their effects on machining performance (i.e. surface roughness and delamination) to establish an optimized setup of machining parameters in achieving multi objective machining performance. Cellulose based hybrid composites consist of jute (a bast fiber) and glass fiber embedded in polyester resins. Response Surface Methodology (RSM) using Box-Behnken Design (BBD) was chosen as the design of experiment approach for this study. Based on that experimental approach, 17 experimental runs were conducted. Mathematical model for each response was developed based on the experimental data. Adequacy of the models were analyzed statistically using Analysis of Variance (ANOVA) in determining the significant input variables and possible interactions. The multi objective optimization was performed through numerical optimization, and the predicted results were validated. The agreement between the experimental and selected solution was found to be strong, between 95% to 96%, thus validating the solution as the optimal machining condition. The findings suggest that feed rate was the main factor affecting surface roughness and delamination .
Introduction
Cellulose fiber is light in weight; it possesses high specific strength and stiffness, as well as exhibits favorable acoustic and thermal absorption properties [1] . It displays exceptional damping capacity, a low tendency to splint, and therefore lesser fracture in impact. Furthermore being a relatively non-abrasive material, it causes minimal wear damage to tools and offers versatility in terms of processing and machining, in which handling and working condition are much safer as compared to the synthetic fibers. In an application like composites, cellulose fibers are seen as the reinforcement and/or filler with either thermoset or thermoplastic matrix like polyester or polypropylene. However, there are challenges in working with cellulose fibers with its hydrophilic nature, lower thermal stability and high fiber quality variations [1] . Other than through chemical and physical treatment, performance of cellulose fibers can be improved through hybridization. Hybrid is interpreted as a combination of one type of reinforcement in mixed matrices, or combination of two or more reinforcement in one type of matrix, or combination of both concepts. All studies reported increase in performance, such as tensile strength, tensile modulus, interlaminar shear strength, flexural strength and impact strength [2, 3] .
While there are many studies centering on the property improvement and primary processing, studies in secondary processing, such as its machinability, are still lacking. The secondary processing is inevitable as primary processing in composites only produce parts to its near net shape, edge trimming, milling and drilling are required to get the final geometry, dimensional and to enable assembly process. Milling composites generally are difficult owing to its characteristics of being heterogeneous and anisotropic. It is a totally different machining process, which requires specific tools and know-how due to its unpredictability as compared to machining a conventional metallic materials [4] .
The selection of cutting parameters for composites machining is significant, as the combination of these parameters has multiple effects to the final quality of machined components. Generally, the three parameters regularly discussed are cutting speed, feed rate and depth of cut. The combined effects are often analyzed through the experimental design and statistical analysis, in response to the surface roughness and severity of delamination [5, 6] . In many cases, by increasing the cutting speed, the surface roughness of the workpiece can be slightly improved.
However, it significantly increases the cutting force, particularly at a higher feed rate, which eventually generates heat on the workpiece surface and cutting tool [7] . Increasing cutting force snowballs the risk of delamination of the laminate [8] . Therefore, optimization of cutting parameters that is done specifically to each type of composites materials is important in reducing the risk of producing damage-induced surface. In machining cellulose fiber reinforced composites, the important cutting parameters are similar as those used in machining synthetic fiber reinforced composites. Thus, the aim of this work is to optimize the cutting parameters in machining cellulose based hybrid composites, specifically jute-glass hybrid composites.
Experimental procedure
Experimental work for this study was developed using RSM BBD approach with independent variables as shown in Table 1 . Based on that approach, 17 experimental runs were executed.. The specimen was a hybrid composites laminate, which combines jute and E-glass woven roving, embedded in unsaturated polyester resin matrix with fiber content fraction of 50:50. It consisted of 20 plies of alternate stacking sequence with E-glass ply on the tool surface and jute ply on the final bagging surface. The specimen was fabricated through a vacuum infusion process (VIP) in the size of 150 mm x 210 mm. The mechanical properties of the specimen are listed in Table 2 .
The laminate was machined using the micro grain tungsten carbide (K20) end mill cutter with 2 flute and 8 mm diameter on a 3-axis CNC machine. The surface roughness was measured in surface roughness average, Ra, using Mitutoyo SJ400 Surface Roughness Tester. In addition, the delamination factor, Fd were measured via ImageJ, a Java based application for scientific image processing. Fd is equal to Wmax divided by W, in which Wmax is the width of damage, and W is the width of the cut [5] .
The approximated model based on the data acquired from the experiments were analyzed using ANOVA for its model adequacy, significant input variables and possible interactions between input variables which affect the output responses. From ANOVA, the analysis were extended for the optimization routine to find the ideal operating conditions (spindle speed, feed rate and depth of cut) that resulted in simultaneous desirable responses (i.e. minimum surface roughness and minimum delamination ). Once the optimization was performed, validation runs were performed. 
Results and Discussion
Results from the experimental works are compiled in Table 3 . From the results, the surface roughness was approximated as a quadratic model, while delamination factor was approximated as a linear model. The Ra values ranged from 5.310 to 11.313 µm, and the average Fd values varied between 1.11 and 1.25. Table 4 and 5 show the ANOVA of the response surface for Ra and Fd respectively. Fig. 1 3D response graph for surface roughness. Fig. 2 3D response graph for delamination factor. Fig. 1 reveals that Ra value is significantly affected by the feed rate, in which Ra increases as the feed rate increases. It also shows that spindle speed and cut depth do not have significant effect on the Ra value. Maintaining low (i.e. 200 mm/min) to medium (i.e. 400 mm/min) feed rate resulting in better milled surface for the jute-glass hybrid composites despite of variations in the spindle speed and/or depth of cut. Statistically, factors that are significant to Fd are feed rate followed by spindle speed, whereas cut depth is considered as an insignificant factor within the design space (refer Fig. 2 ). Fd increases as the feed rate increases, and decreases in Fd value can be seen as the spindle speed increases. The combination of high spindle speed with low feed rate significantly reduced the effect of delamination.
Optimization & Validation
The process to determine the optimized machining condition was initiated by setting the goals of all factors to be within the range and responses to be minimized. A number of starting points were randomly chosen to initiate the variable simplex optimization. The results are shown in Table 6 ; the best parameter combination to produce minimum Ra and Fd values of 5.681 and 1.1129 were chosen as the optimum setting. Validation run was performed to validate the selected optimum solution. The correlation between the experimental and selected solution was found to be strong in between 95 to 96 percent; hence, this validated the solution as the optimum parameter settings within the design space (Table 7) . Fig. 3 and Fig. 4 are the perturbation plots for the surface roughness and delamination respectively, in which each intercepted point is the optimal response value for the selected solution (with A is spindle speed, B is feed rate and C is cut depth ). The perturbation plot helps to show the effect of a factor at a particular point in the design space. The response is sensitive to the factor with steep slope or curvature; a factor with relatively flat line indicates the response is insensitive to its changes.
Conclusion
This paper focuses on the multi objectives optimization of cutting parameters in machining cellulose based hybrid composites, specifically jute-glass hybrid composites. From the study, the feed rate was the main factor affecting surface roughness and delamination, while cut depth was the least significant factor within the design space. The combination of high spindle speed and low feed rate reduced the surface roughness and delamination. Based on the analysis, spindle speed of 1924 rpm, feed rate of 200 mm/min and 2 mm depth of cut were the optimal machining condition for jute-glass hybrid composites in minimizing surface roughness and delamination. 
